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Introduction 

The methyltropic yeast Pichia pastoris is rapidly 
becoming a preferred host for the efficient expres- 
sion of heterologous proteins (reviewed in Hollen- 
berg and Gellissen, 1997; Sreekrishna et aL, 1997; 
Sudbery, 1996). P. pastoris combines the general 
features of protein expression in eukaryotes with the 
fast growth and genetic modifiability of prokaryotes. 
It is less expensive than other eukaryotic expression 
systems, such as baculovirus or mammalian tissue 
culture, and it typically yields higher quantities of 
secreted functional proteins. The ability to correctly 
express folded secreted proteins, including highly 
disulphide-bonded ones (White et aL, 1994); pro- 
vides a distinct advantage over bacterial systems that 
often require laborious and inefficient procedures to 
denature and refold proteins expressed as insoluble, 
inclusion bodies (Skerra, 1993). P. pastoris is a 
superior expression host over its more famous non- 
methyltropic relative, Saccharomyces cerevisiae, 
because P. pastoris grows stably to high cell den- 
sities in fermentors (> 100 mg dry weight per ml cul- 



ture) and it has strong, tightly regulated promoters 
(Ellis et aL, 1985). For these reasons, P. pastoris has 
recendy been exploited as an expression system for 
the high-level secretion of many proteins, including 
recombinant antibody fragments. 

By definition, methyltropic yeasts are capable of 
utilizing methanol as their sole carbon source. The 
first enzyme in the methanol-utilization pathway, 
alcohol oxidase (AOX), is encoded by two closely 
related genes: AOX1 and AOX2 (Ellis et aL, 1985; 
Cregg et aL, 1989). Although the AOX1 and AOX2 
proteins have 97 % sequence identity and equivalent 
enzymatic activity, over 95% of the alcohol oxidase 
activity in P. pastoris is attributable to AOX1. This 
is due to the strength of the AOX1 promoter (Cregg 
et aL, 1989; Koutz et aL, 1989). Upon the addition 
of methanol, AOX1 gene transcription is rapidly 
induced to high levels and ultimately accounts for 
5% of the total polyA + RNA (Cregg and Madden, 
1988). The AOX1 protein is correspondingly over- 
expressed and comprises up to 30% of the total 
intracellular protein. Heterologous genes are there- 
fore cloned under control of the AOXJ promoter to 
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allow for their rapid and strong induction by metha- 
nol. The expression of heterologous genes driven by 
the AOX1 promoter can result in protein yields 
exceeding 200 mg/1 in shake flask cultures, and can 
be in the g/1 range in fermentation cultures (Faber et 
ai t 1995; Cregg et at, 1993). 



Generating and screening transformants 

To maximize the stability of protein expression, 
heterologous genes are integrated into the P. pastoris 
genome. A series of expression vectors designed for 
homologous integration are commercially available 
(Invitrogen, San Diego, USA; www.invitrogen.com). 
The salient features of these vectors are the inclusion 
of the 5* and 3' regions of the AOX1 gene (to target 
plasmid integration via homologous recombination), 
transcription termination and polyadenylation signals, 
and the HIS4 gene (for selecting yeast transformants 
able to grow in histidine-deficient media) or the Zeo- 
cin resistance gene (for selecting both bacterial and 
yeast transformants). Some vectors contain additional 
features such as the f 1 origin of replication (for muta- 
genesis of single-stranded DNA), the kanamycin 
resistance gene (for selecting G418-resistant high 
copy number transformants), or yeast-derived signal : 
sequences (for protein secretion). Plasmids contain- 
ing the gene of interest are linearized and then inte- 
grated in the yeast genome via homologous recombi- 
nation upon transformation by spheroplasting or 
electroporation. We routinely use electroporation 
because of its simplicity and relatively high effi- 
ciency (10 3 -10 4 transformants per \lg of DNA). 

The usual goal of screening transformants is to 
identify high protein-expressing "jackpot" clones. 
Although expression levels are affected by the inte- 
gration site, gene sequence, and the strain of P. pas- . : 
toris transformed, the most profound effect typically 
results from copy number (Clare et al. y 1991). High 
copy number integrants are identified genetically by 
PGR (Under et al y 1996; Haaning et a/., 1997) or 
immunologically with specific antibodies (McGrew 
et al t 1997 ; Wung and Gascoigne, 1996). Screening 
procedures such as these: can be combined with 
genetic or selection strategies designed to enrich for 
high copy integrants.' For example, plasmids with 
multicopy inserts can be generated prior to transfor- 
mation, or high copy number integrants can be 
selected for their increased resistance to the drug 
G418 if the integrated plasmid contains the kanamy- 
cin resistance gene (Scorer et al, 1994). 



Secreted vs. intracellular expression 

Induced proteins are expressed intracellularly or 
are secreted, depending on the absence or presence of 
an appropriate signal sequence. Hie utility of exploit- 



ing the secretory pathway is that P. pastoris can be 
grown to high cell densities, and then induced with 
methanol, in inexpensive, chemically defined, pro- 
tein-poor media. The low level of protein in the 
media formulations facilitates detection and purifica- 
tion of the final secreted product, which can comprise 
the vast majority (80-90%) of the total protein in the 
supernatant (Faber et aL t 1995). Secreted proteins are 
easily and efficiendy purified from the supematants, 
often in one step by affinity or metal-chelating 
chromatography (Eldin et al. y 1997). 



Expression of recombinant antibody fragments 

The first recombinant antibody fragment reported 
to be expressed in P. pastoris was a rabbit single 
chain Fv (scFv) selected from a bacterial phage dis- 
play library (Ridder et al. t 1995). ScFv fragments 
contain heavy and light chain variable regions con- 
nected by a small, flexible peptide (Huston et at;, 
1988; Bird et at, 1988). These fragments can be 
modified to increase their, stability or avidity (e.g. 
disulphide-stabilized scFv and bivalent scFv frag- 
ments), and to add additional specificities or effector 
functions (e.g. bispecific diabodies or scFv-immu- 
notoxins) (table I). ScFv fragments are well suited 
for many in vivo diagnostic and therapeutic applica- 
tions because their reduced size (27,000-30,000 M r ) 
permits them to penetrate tissues more rapidly than 
whole antibodies and to be cleared more rapidly 
from the blood (Yokota et al. t 1992). Because the in 
vivo use of scFv fragments and their derivatives 
often requires large quantities of protein, it is not 
surprising that most antibody fragments expressed in 
P. pastoris have clinical potential. 

The reported levels of scFv production in P. pas- 
toris range from 10 to 250 mg/1 in shake-flask cul- 
tures (table I). These fragments are almost invari- 
ably expressed as secreted proteins in minimal 
media to facilitate their purification. However, Luo 
et al. (1997b) recently reported that a scFv fragment 
was induced to comparable levels (200 mg/1) in 
yeast grown in the standard buffered minimal meth- 
anol medium or in a completely protein-free 
medium. The ability to produce large amounts of 
secreted proteins in essentially phosphate buffer 
should make large-scale protein preparations in 
P. pastoris even more attractive. 



Disadvantages of protein expression in P. pastoris 

Not every protein can be expressed to high levels 
in P. pastoris due to factors such -as codon bias and 
the requirement for particular post-translational 
modifications (Sreekrishna et al, 1997). However, 
shuttle vectors exist that allow the same gene to be 
expressed in bacterial, yeast, or mammalian cells 
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Table I. Antibody fragments secreted by P. pastoris. 



Ab fragment 


Antigen specificity 


Yield 


Reference 


scFv 


Leukaemia inhibitory factor 


> 100 rrig/1 


(Ridder et al, 1995) 


scFv 
dsFv 

scFv-chelator 
dsFv-chelator 


Squamous carcinoma 


10-50 mg/1 
NR<*> 
NR 
NR 


(Luo et aL, 1995; Luo et aL, 1996) 


scFv 


Thomsen-Friedenreich 
(pan- adenocarcinoma) 


200 mg/1 


(Luo et aL, 1997b) 


bivalent scFv 
bivalent diabody 
bi specific diabody 


CA125-ovarian carcinoma 
Carcinoembryonic antigen 
CEA/CD3 


100 mg/1 
1 mg/1 
1 mg/1 


(Luo etal, 1997a) 
(FitzGerald et aL, 1997) 


scFv 
scFv 


Desipraxhine 
CD7 ' 


250 mg/1 
60 mg/1 


(Elding al. /1997) 


scFv/B7-2 


erbB2/CD28 


0.5 mg/1 


(Gerstmayer et aL, 1997) 



(*) Not reported. 



(White et aL, 1994, 1995; Liu et aL, 1998). These 
vectors permit investigators to choose the expression 
system that best fits their particular need, be it high- 
yield or appropriate pn^t-trflnslation ^ojifi^atiori^ 



with minimal genetic mamp ulatioa sjtTie size of the 
"proTe ili to He exposed may also B e limiting because 
to our knowledge, there are no reports of proteins 
- - ~ - — lact osidase) bei ng j 

pastoris) Hi^h-yiekrprotean procure^ 
_„-7in P. pastorisi^cptndcnt on several factors 
such as adequate adration, methanol concentration 
and temperature maintenance at 28°-30°C (P. pas- 
toris is not thermotolerant). All of these conditions 
have to be maintained to ensure optimal inductions 
but recent advances in batch-fed fermentation 
(White et aL, 1995 ; Chiruvolu et aL, 1997 ; Jimenez 
et aL, 1997 ; Chen et aL, 1997) and shake-flask tech- 
nologies (Guarna et aL, .1997) should facilitate mon- 
itoring induction conditions. 



Conclusions 

We have found P. pastoris to be an inexpensive 
and robust system for the high-level production of 
antibody fragments. To find that "jackpot" clone, we 
recommend the following strategy: clone the rele- 
vant gene into a plasmid.that contains a signal 
sequence, the kanamycin resistance gene, and an 
epitope- or histidine-tag sequence, select for trans- 



formants with increased G418 resistance, and then 
screen colony lifts of induced transformants with 
tag-specific antibodies. An alternate strategy is to 
linearize the plasmid separately with different 
restriction endonucleases to target integration at var- 
ious sites in ths.Pichia genome. Differentially line- 
arized vectors could be mixed in the same transfor- 
mation to generate multiple integrants per clone. 
This increases the likelihood that the gene of interest 
integrates in a transcriptionally active site dependent 
on local chromatin structure. 

A recent report of alpha-sarcin ribotoxin produc- 
tion in P. pastoris suggests that this system may 
soon be exploited for the expression of scFv immu- 
notoxins (Martinezruiz et aL, 1998). Larger, intact 
antibodies such as camelid heavy chain IgG (Ham- 
ers-Casterman etal., 1993) might also be expressed, 
since P. pastoris can secrete functional disulphide- 
bonded homodimers and heterodimers (Luo et aL, 
1997a; FitzGerald et aL, 1997; Kalandadze 4 £f aL, 
1996). We therefore anticipate that the use of P. pas- 
toris as an expression system for antibody-derived 
fragments will be on the rise. 
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A) Plant bioreactors 

The first transgenic plants were reported in 1983 
(Fraley et al, 1983; Zambryskyi et aL, 1983). Since 
then, many recombinant proteins have been 
expressed in several important agronomic species of 
plants including tobacco, corn, tomato, potato, 
banana, alfalfa (Austin et al, 1994) and canola (sum- 
marized in Kusnadi et al, 1997a). Recent work sug- 
gests that plants will be a facile and economic bio- 
reactor for large-scale production of industrial and 
pharmaceutical recombinant proteins (Kusnadi et al, 
1997b; Austin et al, 1994; Krebbers et al, 1992; 
Whitelam et al, 1993). Genetically engineered 
(transgenic) plants have several advantages as 
sources of proteins compared with human or animal 
fluids/tissues, recombinant microbes, transfected ani- 
mal cell lines or transgenic animals. These include: 

(1) production of raw material on an agricultural 
scale at low cost; 



(2) efficiency of the transformation technology 
and speed of scale-up ; 

(3) correct assembly of multitneric antibodies 
(unlike bacteria) ; 

(4) increased safety, as plants do not serve as 
hosts for human pathogens, such as HIV, prions, 
hepatitis viruses, etc.; 

(5) reduced capitalization costs relative to fer- 
mentation methods. 

Perhaps most important are the cost benefits of 
plant production. For example, Kusnadi et al 
(1997b) calculated the cost of producing a recombi- 
nant protein in various agricultural crops (see fig. 1). 
The cost estimate was based on the commodity price 
of the crop, the. fraction of total protein in the crop, 
and the not unreasonable assumption that the recom- 
binant protein accumulated to 10% of the total plant 
protein. Although crops with more protein content 
(e.g. soybeans, 40% versus potatoes 2%) are more 
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